Foundation species are basal species that play an important role in determining 10 community composition by physically structuring ecosystems and modulating ecosystem 11 processes. Foundation species largely operate via non-trophic interactions, presenting a challenge 12 to incorporating them into food-web models. Here, we used non-linear, bioenergetic predator-13 prey models to explore the role of foundation species and their non-trophic effects. We explored 14 four types of models in which the foundation species reduced the metabolic rates of species in a 15 specific trophic position. We examined the outcomes of each of these models for six metabolic 
INTRODUCTION
We calculated body mass, M i , for species i as:
105 106
In eq.
(1), Z is the predator-prey biomass ratio and T is the average trophic level of species i 107 calculated using the prey-averaged method (Williams and Martinez 2004) . We set basal species
108
M to unity and used a predator-prey biomass ratio of Z = 10 2 . We used body mass to 109 allometrically scale biological parameters in the predator-prey model.
111
Allometric predator-prey model 112 We simulated food-web population dynamics using an allometric predator-prey model 
In eq. (3), ω ij is the uniform relative consumption rate of consumer i preying on resource j (i.e.,
130
the preference of consumer i for resource j) when the consumer has n total resources (ω ij = 1/n) 131 and B 0 is the half-saturation constant (i.e., resource biomass at which consumer reaches half of 132 its maximum consumption rate). In all of our models, B 0 was set equal to 0.5.
133
Body size is an important component of both predator-prey interactions ( 
We then entered the allometrically scaled parameters for r i , x i , and y i into equations 2a and 2b,
157
yielding an allometrically scaled, dynamic predator-prey model. We set the allometric constants For each food web, we randomly designated one basal species as a foundation species.
163
Each foundation species engaged in a non-trophic interaction with a given number of target 164 species in a food web, depending on the model described in the next section. We varied the number and position of non-trophic interactions in four different ways
178
( Fig. 1) . In the control model, there are no non-trophic interactions (i.e., the species designated 179 as the foundation species has only trophic interactions). In the basal model, the foundation 180 species influences the metabolic rate of all basal species. In the consumer model, the foundation 181 species influences the metabolic rate of all consumers (i.e., non-basal species). Finally, in the 182 total model, the foundation species influences the metabolic rate of all species in the food web.
183
We created 100 niche-model webs, in all of which we set S = 30 and C = 0. species present and the nine additional measures of food web structure (Table 2) .
198
Food-web metrics (Table 2) into two orthogonal principle components that were used as response variables in the ANCOVA.
205
In this analysis, we did not include food webs that collapsed (i.e., had zero species). ANCOVA 206 was implemented using glm in R; a Poisson link function was used when species richness was the response variable, and a Gaussian link function was used for the analysis of food-web metrics
208
(principal axis scores).
209
For the foundation species removal analyses (i.e., time steps 2,001 -4,000), we 210 calculated standardized change (∆z = z t=2001 -z t=4000 / z t=2001 ) in species richness and food-web 211 metrics (principal axis scores) between the end of food-web assembly (t = 2,001) and the end of 212 the foundation species removal (t = 4,000) because webs had different species richness at the 213 time the foundations species was removed (t = 2,000). As described above, we then used
214
ANCOVA to test the effects of each model.
216
Exploring the parameter space 217 An important assumption in our models is that species have higher metabolic rates in the with increasing metabolic rate in the basal model webs (slope = 0.082, t = 2.39, P < 0.02),
242
whereas it decreased with increasing metabolic rate in webs derived from the other three models
243
(total: slope = -0.51, t = -11.83, P < 0.001; consumer: slope = -0.77, t = -16.41, P < 0.001;
244
control: slope = -0.29, t = -7.43, P < 0.001). Webs collapsed entirely (i.e., species richness = 0 at 245 t = 2,000 model time steps) only in the 10× treatment; these collapses occurred in the total 246 (33%), control (42%), and consumer (2%), but not in the basal foundation species models. 
FOOD-WEB STRUCTURE

249
The first two principal components of food-web structure (Fig. 4) accounted for 67% of 250 the variation across model food webs (Table 3) . Model webs with low PC-1 scores were 251 relatively species-rich with high C, LS, and cluster coefficients, and also had a high fraction of increased with metabolic rate in the consumer model (slope = 1.55, t = 6.09, P <0.001).
265
Both metabolic rate (F 1, 1224 = 23.42, P < 0.001) and model type (F 3, 1224 = 6.24, P < 0.001)
266
had significant effects on PC-2 scores, and the interaction term was also significant (F 3, 1224 = 267 7.71, P < 0.001) (Fig. 3C ). PC-2 scores significantly decreased with metabolic rate in the 
FOOD-WEB STRUCTURE
286
The first two principal components accounted for 60% of the variation in food-web 287 structure after the removal of the foundation species (Table 3) . Model webs with high PC-1 288 scores lost a greater proportion of species, and showed relatively larger decreases in LS and 289 cluster coefficients (Fig. 6 ). These structural changes were due primarily to a decrease in the low PC-2 scores lost fewer species, experienced a decrease in C, and increased in path length.
296
Metabolic rate (F 1, 974 = 14.36, P < 0.001), foundation species model type (F 3, 974 = 21.36, 297 P < 0.001) and their interaction (F 3, 974 = 6.61, P < 0.001) significantly influenced PC-1 scores (Fig. 5B) . PC-1 scores increased with metabolic rate in webs generated using the total (slope = 299 1.35, t = 3.20, P < 0.01), control, (slope = 1.31, t = 3.31, P < 0.001), and consumer models 300 (slope = 1.35, t = 3.88, P < 0.001). However, PC-1 scores for basal model webs were not 301 influenced by metabolic rate (slope = -0.59, t = -1.63, P = 0.10). PC-2 scores varied with 302 metabolic rate (F 1, 974 = 26.79, P < 0.001), foundation species model (F 3, 974 = 5.44, P < 0.01), and 303 their interaction (F 3, 974 = 8.59, P < 0.001) (Fig. 5C ). PC-2 scores increased with metabolic rate 304 in basal (slope = 0.7, t = 2.84, P <0.01) and consumer (slope = 1.57, t = 2.55, P < 0.05) model 305 webs, but decreased with metabolic rate in total model webs (slope = -0.14, t = -2.03, P < 0.05)
306
and showed no change in control webs (slope = -0.03, t = -1.87, P = 0.06). 
342
In addition to the trophic position of the target species that a foundation species 343 influences, the magnitude of the metabolic rates of the associated species in the absence of the foundation species (or more generally, the cost of not having the foundation species) was also 345 important in determining food-web structure and the response of food webs to foundation species when metabolic costs to other species increase in the absence of the foundation species.
359
In our models, foundation species exerted influence by lowering metabolic rates for 360 certain species . This is only one type of non-trophic interaction that can occur in a food web, and 361 it is likely that foundations species have many other non-trophic interactions and effects (e.g., (blue), 5× (red), or 2× (orange) the baseline, allometrically-scaled metabolic rate (dashed line).
537
As the biomass of the foundation species increases, metabolic rate declines asymptotically to the 538 baseline. These functions are the six metabolic rate treatments that we applied to the predator-539 prey model. show general change in food web complexity and richness associated with each axis.
